The phorbol ester 12-O-tetradecanoyl phorbol-13-acetate was used to probe the role of protein kinase-C in the modulation of a-adrenergic receptor-coupled calcium efflux in cultured vascular smooth muscle cells derived from rabbit aorta. Exposure of cells to 12-O-tetradecanoyl phorbol-13-acetate for 6 minutes caused a concentration-related (maximum effect at >10 tat) increase in calcium-45 efflux from preloaded cells. Maximum calcium-45 efflux stimulated by 12-O-tetradecanoyl phorbol-13-acetate was equivalent to maximum norepinephrine-stimulated calcium-45 efflux, and maximally effective concentrations of 12-O-tetradecanoyl phorbol-13-acetate and norepinephrine together were no more potent than either drug alone. Exposure of cells to 12-O-tetradecanoyl phorbol-13-acetate for periods of 1-24 hours resulted in complete loss of norepinephrine-stimulated calcium-45 efflux and a much slower, concentration-related reduction in a-adrenergic receptor number, with a maximum reduction of 50-60% at 12-O-tetradecanoyl phorbol-13-acetate concentrations >10 nM. Twenty-four hours of exposure to 12-O-tetradecanoyl phorbol-13-acetate (10 nM) and norepinephrine (10 fiM) together caused no greater reduction in [ 3 H]prazosin binding than did norepinephrine alone. 12-O-tetradecanoyl phorbol-13-acetate had no effect on [ 3 H]prazosin-binding affinity. These data suggest an important role for protein kihase-C in both the acute excitation-contraction coupling of vascular smooth muscle a-adrenergic receptors, and in the long-term modulation of vascular a-adrenergic receptor responsiveness.
GROWING evidence suggests that polyphosphoinositide (PI) turnover resulting in release of inositol trisphosphate (IP 3 ) plays a pivotal role in a-adrenergic receptor-coupled activation of several tissues including liver, platelets, and vascular smooth muscle (Berridge and Irvine, 1984; Suematsu et al., 1984; Alexander et al., 1985; Nabika et al., 1985) . Considerably less information is available regarding the physiological role of diacylglycerol (DAG), a lipophilic product of membrane PI hydrolysis that is known to activate protein kinase-C in a number of tissues (Nishizuka, 1984) . Phorbol esters potently stimulate protein kinase-C, thereby mimicking the actions of DAG (Nishizuka, 1984) , and studies with phorbol esters have suggested that DAG may initiate a second, possibly synergistic, pathway for cellular activation in several tissues (Nishizuka, 1984; Rasmussen and Barrett, 1984) .
Phorbol esters alone elicit a slowly developing contraction of vascular smooth muscle Danthuluri and Deth, 1984) ; and preexposure to phorbols abolishes the contractile response to subsequent exposure to norepinephrine (Danthu-luri and Deth, 1984) , thereby suggesting that protein kinase-C may be involved in the coupling and/or regulation of vascular a-adrenergic receptors. To determine the mechanism by which protein kinase-C is involved in the modulation of a-adrenergic receptor-coupled efflux, we utilized vascular smooth muscle cells cultured from the rabbit aorta, a system for which we recently characterized the a-adrenergic receptor and its coupling relationship to calcium efflux (Colucci et al., 1984 (Colucci et al., , 1985 . The data suggest that protein kinase-C can affect vascular smooth muscle a-adrenergic responses by at least three mechanisms: (1) by increasing cellular calcium efflux, (2) by causing an apparent uncoupling or alteration in the relationship between receptor occupancy and receptor-coupled calcium flux, and (3) by decreasing a-adrenergic receptor number.
Methods

Cell Culture
Rabbit aortic smooth muscle cells were cultured after enzymatic dissociation as previously reported in detail by 394 our laboratory (Colucci et al., 1985) . Experiments utilized cells grown for 7-14 days after planting at an initial density of 1 X 10 4 cells/cm 2 . Cells were from several strains between passage levels 3 and 30, and were checked periodically to confirm that there was no change in basal [ 3 H]prazosin binding or norepinephrine-stimulated 45 Ca ++ efflux.
[ 3 H]Prazosin Binding
[ 3 H]Prazosin-binding experiments were performed on a crude cellular homogenate as previously described (Colucci et al., 1985) . Briefly, cells were grown to confluence on 100-mm plastic culture dishes which were washed with 4°C isotonic NaCl (three times), scrape-harvested, and pelleted by centrifugation (500 g, 10 minutes, 4°C). The pellet was resuspended in hypotonic buffer solution (Tris, 5 HIM; MgCl 2 , 1 mti; 4°C) for 10 minutes and homogenized with 10 strokes of a Falcon Dounce tissue homogenizer (A-pestle). The crude homogenate was resuspended in assay buffer (Tris, 50 ITIM; MgCl 2 , 10 HIM; pH 7.5) to a final protein concentration of approximately 0.3-0.6 mg/ml.
The binding assay was performed in a total volume of 1.0 ml consisting of assay buffer (0.3 ml), [ 3 H]prazosin (specific activity, 89 Ci/mmol; Amersham) in assay buffer (0.1 ml), competing drug in assay buffer (0.1 ml), and crude tissue homogenate (0.5 ml). The assay mixture was incubated for 60 minutes at 30°C, filtered through a Whatman GF/C glass fiber filter, and washed three times with room temperature assay buffer (4.5 ml/wash). Filters were dried and counted in liquid scintillation fluid. All data refer to specific binding, which was defined as the counts displaced by 100 nM prazosin.
Saturation-binding experiments utilized [ 3 H]prazosin concentrations of 0.02-5 nM, and were analyzed by computerized nonlinear curve-fitting using the LIGAND program as described by Munson and Rodbard (1980) . After determining that [ 3 H]prazosin-binding affinity was not affected by 12-O-tetradecanoyl phorbol-13-acetate (TPA), the effect of TPA on binding capacity (expressed as fmol/ cm 2 of culture plate area) was determined at a single saturating concentration of [ 3 H]prazosin (1.0-1.5 nvi) (Colucci et al., 1984 (Colucci et al., , 1985 , and results were compared within each experiment to binding under control conditions (control [ 3 H]prazosin binding = 0.762 ± 0.098 fmol/cm 2 , n = 12). Exposure to TPA (10 nM) for 24 hours had no effect on cell number [control, 2.30 ± 0.02 X 10 5 cells/cm 2 ; TPAtreated, 2.10 ± 0.01 X 10 5 cells/cm 2 ; P = not significant (NS)].
5 Ca + + Efflux
45
Ca ++ efflux was quantified as described previously in detail (Colucci et al., 1984 (Colucci et al., , 1985 . Briefly, cells were replicate plated in 35-mm plastic culture dishes, which, upon reaching confluence, were equilibrated for 18-24 hours with 2 ml of fresh culture medium containing 4 /iCi of 45 Ca ++ (Amersham). 45 Ca ++ efflux was initiated by washing the culture three times with balanced salt solution (BSS; consisting of: NaCl, 130 ITIM; KC1, 5 HIM; MgCl 2 , 1.0 DIM; CaCl 2 , 1.5 MM; glucose, 10 nun; and HEPES, 20 unbuffered to pH 7.4 with Tris base), and adding 1 ml of BSS containing 1 mg/ml of bovine serum albumin with or without /-norepinephrine. The reaction was terminated at 6 minutes by washing the cultures four times with icecold, calcium-free BSS containing 10 mM LaCl 3 , followed by an additional 5-minute incubation with 2 ml of the same solution. Nonspecific binding was determined under Circulation Research/Vol. 58, No. 3, March 1986 identical conditions using cell-free dishes. Cellular 45 Ca ++ content was expressed as nmol/mg of protein and was calculated from the specific activity of 45 Ca ++ in the culture medium. Under these conditions, 45 Ca ++ content averages approximately 5 nmol/mg of protein, and the net decrease in 45 Ca ++ content after a 6-minute exposure to 10 HM norepinephrine averages approximately 13% of the initial isotopic content (Colucci et al., 1985) . Experiments were performed in triplicate or quadruplicate, and replicates agreed within 5%.
Cells were prerreated with TPA for the indicated time periods and with the indicated concentration as follows: TPA was dissolved in dimethyl sulfoxide (DMSO) and diluted to the appropriate concentration for experimental use with incubation medium. The final dilution of DMSO was 1:100,000 for a TPA final concentration of 10 nM. Twenty-four-hour incubation of cells with DMSO at this concentration had no effect on 45 Ca ++ efflux or [ 3 H]prazosin binding. Prior to 45 Ca ++ efflux or [ 3 H]prazosin-binding experiments, cells were washed (in the usual manner) as described previously. The immediate effect of TPA on 45 Ca ++ efflux was determined by the addition of TPA with or without norepinephrine at the initiation of the efflux period (t = 0), as described previously.
Statistical Analysis
Statistical analysis was performed by analysis of variance and two-tailed non-paired f-tests. All data are presented as the mean ± SE.
Chemicals
TPA was obtained from Sigma. All other chemicals were obtained from Sigma, or as previously described (Colucci et al., 1984 (Colucci et al., , 1985 .
Results
Effect of TPA on 45 Ca ++ Efflux
TPA caused a concentration-related increase in 45 Ca ++ efflux from preloaded cells. The effect was essentially maximal at a concentration of 1 nM (Fig.  1 ). The maximum TPA effect (10 nM) was similar to that caused by a maximally effective concentration of /-norepinephrine (10 HM), and the combination of 10 nM TPA plus 10 JUM norepinephrine was no more potent than either agent alone ( Fig. 1 ).
Effect of TPA on Norepinephrine-Stimulated 45 Ca ++ Efflux
Incubation of cells with TPA (10 nM) for periods of 1-24 hours resulted in complete abolition of 45 Ca ++ efflux in response to 10 HM /-norepinephrine ( Fig. 2) . Cellular 45 Ca ++ content at the beginning of the efflux experiment (t = 0) was not affected by incubation with TPA for periods of 1-24 hours (data not shown), suggesting that in the presence of 45 Ca ++ , the calcium pool mobilized by TPA was reequilibrated within 1 hour, despite continued exposure to TPA.
The Effect of TPA on [ 3 H]Prazosin Binding
Exposure of cells to TPA (10 nM prazosin concentration (1.0-1.5 nM), binding was not affected after 1 or 6 hours of TPA exposure, but was decreased by 52 ± 12% after 24 hours (P < 0.05 vs. control). Nonlinear curve-fitting analysis of [ 3 H]prazosin binding to cells exposed to 10 nM TPA for 24 hours showed no change in the affinity of [ 3 H]prazosin binding (K d control = 0.13 nM; K d TPA = 0.09 nM; n = 2; P = NS). Exposure of cells to DMSO in a dilution equivalent to that present as the diluent for TPA (1:100,000) had no effect on a small effect after 24 hours of exposure to 1 nM TPA, and a maximum reduction in binding of 50-60% occurring after 24 hours of exposure to TPA concentrations of 10 nM and greater (Fig. 3) . Twentyfour-hour exposure to TPA (10 nM) and norepinephrine (10 MM) together resulted in no greater reduction in [ 3 H]prazosin binding than exposure to norepinephrine alone (Fig. 4 ). Comparison of the time courses of the effects of TPA (10 nM) on [ 3 H]prazosin binding and norepinephrine-stimulated Ca ++ efflux demonstrated a markedly disparate temporal relationship between the two effects, with essentially complete abolition of norepinephrine-stimulated Ca ++ efflux but no significant reduction in [ 3 H]prazosin binding after a 1-hour TPA exposure (Fig. 2 ).
Discussion
These data indicate that the phorbol ester TPA, presumably acting through stimulation of protein kinase-C, has profound effects on several aspects of the cellular regulation of a-adrenergic responsiveness in vascular smooth muscle cells, including calcium efflux, modulation of the coupling relationship between a-adrenergic receptors and calcium efflux, and regulation of a-adrenergic receptor number.
It has been proposed by Rasmussen and Barrett (1984) that protein kinase-C activation, in parallel with IP 3 -induced calcium mobilization, represents a second branch in the angiotensin-mediated activation of aldosterone secretion by adrenal glomerulosa cells, since the action of angiotensin can be mimicked temporally and quantitatively by the combined actions of A23187 and the phorbol ester, phorbol myristate acetate (PMA) . These observations in adrenal glomerulosa led to the hypothesis that angiotensin receptor activation results in (1) an initial transient IP 3 -induced rise in cytosolic calcium concentration that activates calcium-calmodulin-dependent enzymes responsible for the initial cellular response, and (2) an increase in membrane DAG which acts to increase protein kinase-C sensitivity to calcium, resulting in increased protein kinase-C activity despite a return of cytosolic calcium concentration toward basal levels, and thereby mediating the tonic response to hormone stimulation . Recent observations that TPA induces a slowly developing tonic contraction of vascular smooth muscle (Rasmussen and Barrett, 1984; Danthuluri and Deth, 1984) suggest that DAG-induced protein kinase-C activation may' be an important second messenger system in vascular smooth muscle.
Our data are consistent with this general scheme, and provide evidence that TPA can mimic a major aspect of a-adrenergic receptor activation in vascular smooth muscle, the stimulation of calcium efflux. The methods utilized do not allow conclusions regarding the mechanism by which TPA alters 45 Ca ++ efflux, which may reflect (1) indirect activation of a calcium extrusion pump due to an increase in cytosolic calcium concentration resulting from calcium release from intracellular stores and/or influx of extracellular calcium, and/or (2) direct activation of a calcium extrusion pump by TPA. In rabbit aortic smooth muscle cells, norepinephrine causes a concentration-related ai-adrenergic receptor-mediated increase in 45 Ca ++ efflux which is half-maximal at a Circulation Research/Vo/. 58, No. 3, March 1986 norepinephrine concentration of approximately 0.2 /iM, and maximal at a concentration of 10 /iM (Colucci et al., 1985) . This norepinephrine-stimulated 45 Ca ++ efflux is only minimally reduced by removal of extracellular calcium (unpublished data), and therefore, is probably due to mobilization of intracellular calcium stores and/or direct activation of a calcium extrusion mechanism. In the case of TPAstimulated 45 Ca ++ efflux, the latter possibility seems more likely, since evidence from other cell systems suggests that protein kinase-C activation seldom, if ever, results in an increase in cytosolic calcium concentration (Nishizuka, 1984; Rassmussen and Barrett, 1984) .
These data raise the possibility that one function of membrane protein kinase-C is to modulate cellular calcium extrusion. Consistent with this possibility is the observation that TPA stimulates membrane calcium transport in neutrophils, apparently by activation of a membrane calcium adenosine triphosphatase (Ca-ATPase) (Lagast et al., 1984) . Although the early kinetics of the TPA effect on 45 Ca ++ efflux were not evaluated, this action was already pronounced and equivalent to the maximal norepinephrine effect at 6 minutes, and therefore, appears to be more rapid in onset than the reported slow time course for TPA-induced contraction of vascular smooth muscle, which is on the order of 30-45 minutes Danthuluri and Deth, 1984) .
A major goal of this study was to determine the mechanism by which TPA modulates the cellular response to a-adrenergic stimulation. The data suggest that TPA can modulate a-adrenergic responsiveness by at least two mechanisms. First, the marked temporal disparity between the effects of TPA on norepinephrine-stimulated 45 Ca ++ efflux and the decrease in receptor number suggests that TPA caused an uncoupling or an alteration in the coupling relationship between receptor occupancy and 45 Ca ++ efflux. The fact that cells were already fully desensitized to norepinephrine at 1 hour of TPA exposure, despite minimal or no reduction in total cellular a-adrenergic receptor number, suggests that uncoupling may be of primary importance over the short term. The apparent ability of TPA to cause an uncoupling of the a-adrenergic receptor from Ca ++ efflux is similar to the effect of 24 hours of exposure to /-norepinephrine (Colucci and Alexander, 1986 ), but differs from the effect of 24 hours of exposure to adenosine 3',5'-monophosphate, an agent which causes a substantial reduction in aadrenergic receptor number, but no important degree of uncoupling from Ca ++ efflux (Colucci, 1986) . TPA also caused a gradual decrease in the number of a-adrenergic receptors over a 24-hour period. This effect occurred at low TPA concentrations of 10 nM and less, and accounted for up to a 60% reduction in a-adrenergic receptor number without an alteration in receptor affinity for the antagonist radioligand. Although such a reduction in a-adre-nergic receptor number potentially could influence cellular a-adrenergic responsiveness, there is marked nonlinearity in the relationship between aadrenergic receptor occupancy and norepinephrinestimulated 45 Ca ++ efflux in rabbit aortic smooth muscle cells, such that even a 69% reduction in receptor number by irreversible inactivation with phenoxybenzamine had only a minimal effect on norepinephrine-stimulated Ca ++ efflux (Colucci et al., 1985) .
Since the effect of TPA on receptor number was assayed in a crude cellular homogenate, it is not possible to determine whether TPA caused a transmigration of cell surface receptors to the cytosol or a sequestered location within the membrane. In contrast to the rapid effect of TPA on receptor coupling, the reduction in receptor number may represent a more long-term mechanism by which cellular a-adrenergic responsiveness is modulated. TPA has been observed to cause a reduction in the number and/or affinity of receptors for several hormones including epidermal growth factor (Osborne and Tashijian, 1982) , glucocorticoids (Davidson and Slaga, 1982) , somatostatin (Zeggari et al., 1985) , thyrotropin releasing hormone (Osborne and Tashijian, 1982) , and insulin (Jacobs et al., 1983) ; and phosphorylation of epidermal growth factor (Cochet et al., 1984) , insulin (Jacobs et al., 1983) , and 0adrenergic (Sibley et al., 1984) receptors. In isolated liver cells, TPA caused a 70-90% reduction in aadrenergic receptor-stimulated responsiveness, with only a 30-44% reduction in [ 3 H]prazosin binding capacity, consistent with the possibility that TPA may act at a second post-receptor site (Lynch et al., 1985) . Recently, it was demonstrated in DDT, MF-2 cells that phorbol esters cause both phosphorylation of ai-adrenergic receptors and uncoupling of the receptor from phospholipid metabolism (Leeb-Lundberg et al., 1985) . Likewise, TPA-induced /?adrenergic receptor desensitization occurs without a decrease in receptor number (Garte and Belman, 1980) . In cultured rabbit aortic smooth muscle cells, TPA mimicked many of the actions of norepinephrine including stimulation of 45 Ca ++ efflux, reduction in cellular a-adrenergic number, and desensitization to the effects of norepinephrine on 45 Ca ++ efflux. The effects of TPA on 45 Ca ++ efflux and [ 3 H]prazosin binding were not additive with the effects of norepinephrine, suggesting that TPA and norepinephrine act through a common final pathway. It seems reasonable to assume that the effects of TPA reported here reflect activation of protein kinase-C. Although TPA can exert nonspecific actions other than stimulation of protein kinase-C, these effects usually occur at high concentrations far in excess of the 0.1-10 nM concentrations that were effective in rabbit aortic smooth muscle cells (Nishizuka, 1984) . Likewise, the concentration-response curves for the effects of TPA on 45 Ca ++ efflux and a-adrenergic receptor number are similar to TPA binding affinities reported in a variety of tissues (Nishizuka, 1984) . Therefore, these data provide evidence that protein kinase-C may play an important role both in the acute excitation-contraction coupling of a-adrenergic receptor-mediated vascular smooth muscle contraction, and also in the regulation of vascular responsiveness to a-adrenergic stimulation.
